A phylogenetic analysis of molecular (ITS, trnL-F, trnK including the matK coding region) and morphological data is presented for the pantropical monocot family Costaceae (Zingiberales), including 65 Costaceae taxa and two species of the outgroup genus Siphonochilus (Zingiberaceae). Taxon sampling included all four currently described genera in order to test the monophyly of previously proposed taxonomic groups. Sampling was further designed to encompass geographical and morphological diversity of the family to identify trends in biogeographic patterns and morphological character evolution. Phylogenetic analysis of the combined data reveals three major clades with discrete biogeographic distribution: (1) South American, (2) Asian, and (3) African-neotropical. The nominal genus Costus is not monophyletic and its species are found in all three major clades. The Melanesian genus Tapeinochilos is monophyletic and included within the Asian clade. Monocostus and Dimerocostus are sister taxa and form part of the South American clade. The African-neotropical clade is composed entirely of the genus Costus; moreover, there is support for previously recognized subgeneric groupings within the Costus clade. Evolutionary trends in floral morphology show that close associations with pollinators have evolved several times from an ancestral generalist pollinator floral form. Bee pollination has evolved once in the family, arising in Africa from an open-flowered (generalist) ancestor. Bird pollination has evolved multiple times: once from an open-flowered ancestor in Southeast Asia and multiple times from a bee-pollinated ancestor in the neotropics. Additional morphological characters not traditionally used to define taxonomic groups, but having high consistency in the current phylogenetic analysis, are discussed.
Costaceae, a pantropical family of monocots consisting of approximately 120 species, is one of the most easily recognizable groups within the order Zingiberales. It is distinguished from other families including bananas (Musaceae) and gingers (Zingiberaceae) by its well-developed and sometimes branched aerial shoots that have a characteristic spiral monistichous (one-sided) phyllotaxy (Kirchoff and Rutishauser 1990) . The floral structure of Costaceae is also unique within the Zingiberales in that only a single fertile stamen develops while the remaining five infertile stamens fuse together to form a large, petaloid labellum that dominates the floral display (Troll 1928; Kirchoff 1988) . The labellum can be open or tubular, and when tubular can be modified to accommodate either bee or bird pollination. When modified for bee pollination, the tubular labellum is largely white with a yellow central stripe that acts as a nectar guide, leading bees to the nectary located at the base of the gynoecium. In these melittophilous taxa, the labellum is longer than the petals, forming a broad opening to the basal floral tube. Reported bee pollinators include neotropical (Chrysantheda, Euglossa, Eulaena, Euplusia, and Exaerete) as well as pantropical (Anthophora, Lithurgus, and Xylocopa) genera. The labellum modified for bird pollination is typically red, orange, or dark yellow in color and is commonly contained within the petals, maintaining a rigid tubular structure. These ornithophilous taxa are pollinated by hummingbirds in the New World and by sunbirds in New Guinea and surrounding islands. Based on previous phylogenetic analysis of Costaceae, such modifications of the tubular labellum for pollination are derived, with an open labellum and hence a morphology suggesting generalist pollination seemingly plesiomorphic within the family (Specht et al. 2001) .
As presently circumscribed, the Costaceae comprises four genera: Costus L. (ca. 95 spp., pantropical), Monocostus K. Schum. (1 sp., Peru), Dimerocostus O. Kuntz (3-5 spp., neotropical) , and Tapeinochilos Miq. (18 spp., Melanesia). The genus Costus was divided by Schumann (1904) into five subgenera (Costus, Epicostus, Metacostus, Paracostus, and Cadalvena) based upon general characteristics of overall floral morphology. Neotropical species of subgenus Costus were placed by Maas (1979) into two sections based on labellum characteristics reflecting pollination syndromes: section Costus, with the tubular melittophilous labellum, and section Ornithophilus, with the tubular ornithophilous labellum. A recent pollination study (Kay and Schemske 2003) demonstrated that the morphologicallybased pollination syndromes identified by Maas do reflect the preferred pollinators of the plants involved (bees for section Costus and birds for section Ornithophilus). All neotropical taxa with the open labellum and no apparent pollination affiliation were placed in Costus subg. Cadalvena by Maas (1972 Maas ( , 1979 and Schumann (1904) . Epicostus (Africa), Metacostus (Africa), and Paracostus (Africa-Asia) were composed exclusively of taxa with the open floral form whereas subgenus Costus includes taxa with the melittophilous form in [Volume 31 SYSTEMATIC BOTANY Africa and the open form in South East Asia in addition to the neotropical ornithophilous and melittophilous forms described by Maas. A previous phylogenetic analysis using molecular data (Specht et al. 2001 ) indicated that Tapeinochilos, Monocostus, and Dimerocostus are monophyletic but Costus is polyphyletic. Within Costus, two of Schumann's subgenera (Epicostus and Metacostus) are paraphyletic to a larger clade that includes African and neotropical taxa placed in subgenus Costus. The Asian members of subg. Costus form a clade sister to Tapeinochilos making Costus subg. Costus polyphyletic. The two species of subg. Cadalvena included in the analysis are recovered as sister taxa and form part of a larger clade containing Monocostus and Dimerocostus. Because only two species were used in the analysis, a robust statement on the monophyly of subg. Cadalvena could not be made. In addition, the type species of subg. Cadalvena, Costus spectabilis from Africa, was not included in the analysis. Finally, no representatives of Schumann's subgenus Paracostus were included.
The current analysis expands upon Specht et al. (2001) by increasing the taxon and character sampling to further test previous taxonomic delimitations within the family. The two species placed in Costus subg. Paracostus (Schumann 1904) are included, as is the type of subg. Cadalvena and several additional African species placed by Schumann in subgenera Metacostus and Epicostus. Character sampling was increased with two additional DNA sequence regions and a 71 character morphological data matrix. While molecular characters alone provide an independent framework for testing previously defined taxonomic relationships, the inclusion of morphological characters in a cladistic analysis provides a means of testing the power of morphological characters to identify phylogenetic relationships and define unique lineages. Morphological characters that have been used traditionally to define taxonomic relationships within Costaceae are tested for reliability in a phylogenetic context. Finally, the biogeography of the family is addressed in the context of the new phylogenetic results, and the evolution of floral forms is discussed particularly with respect to the role of pollination syndromes in floral evolution and species radiations.
MATERIALS AND METHODS
Taxon Sampling. Taxon sampling was designed to include the full range of diversity (taxonomic, morphologic and biogeographic) of the family. A total of 67 species were used in the analysis, including 65 (out of approximately 120 total) ingroup and two outgroup species. Appendix 1 lists the species along with taxonomic affiliations. All non-monotypic genera currently recognized (Dimerocostus, Tapeinochilos, Costus) were represented by multiple species to test their monophyly. Monocostus uniflorus was included to determine the placement of this monotypic genus within the family. Sampling included multiple exemplars of the five Costus subgenera sensu Schumann (1904) and both sections of Costus subgenus Costus recognized by Maas (1977) . Multiple exemplars were used in some cases to test monophyly of species or species complexes (e.g., Dimerocostus strobilaceus, Costus globosus, Costus speciosus) .
Character Sampling. Sampling of both morphological and molecular characters was attempted for each taxon included in the analysis with missing data present only in the molecular data. Inapplicable morphological characters for the outgroup (Siphonochilus) were designated as such in the morphological matrix and were treated as missing in the analysis. The data matrix is available upon request from the author.
MORPHOLOGICAL CHARACTERS. Morphological characters for individual species were taken from the literature (Tomlinson 1962; Koechlin 1964 Koechlin , 1965 Maas 1972 Maas , 1977 Maas , 1979 Maas and Maas van de Kamer 1983; Lock 1985; Newman and Kirchoff 1992; Jaramillo and Kress 1997) where possible, with additional information gathered from direct observation in the field and from living collections, alcohol-preserved material, and herbarium material. For the majority of characters, 3-7 exemplars were scored for each species included in the analysis. For characters that were found to be variable within species (indument, flower color, bract length), polymorphisms were coded as multiple character states where appropriate (e.g., indument characters in Costus guanaiensis). For all species, including those where multiple exemplars were included for a single species (Costus globosus, Costus pulverulentus, Costus speciosus, and Dimerocostus strobilaceus) , the same collections were used for both DNA extraction and morphological character analysis. A total of 71 characters were selected to include floral, vegetative, cytological, and anatomical structures, thereby enabling interpretation of morphological evolution within the family (Tomlinson 1956 (Tomlinson , 1962 . Attempts were made to reduce composite characters (i.e., pollination syndrome) to component structures (i.e., inflorescence color, floral shape) in order to maximize phylogenetic independence and to avoid redundancy (Hawkins et al. 1997; Poe and Wiens 2000) . Characters and character states are listed in Appendix 1.
Ovary structure (character numbers 28-36) was studied as detailed by Newman and Kirchoff (1992) and an attempt was made to adhere to criteria established therein. Mature flowers were collected for all included taxa, fixed in FAA (Berlyn and Miksche 1976) , and stored in alcohol. Sections were made using a standard paraffin technique with suggested modifications for Zingiberaceae . Ovaries were soaked in Stockwell's bleach (Johansen 1940; Schmid 1977) for seven days, rinsed in Sorensen's phosphate buffer pH 7.2, sectioned and stained with safranin-fast green (Berlyn and Miksche 1976) . Longitudinal sections of ovaries were made with a razorblade on fresh or FAA preserved tissue and structure was viewed with a Nikon SMZ 1500 or Wild M5 dissecting microscope.
MOLECULAR CHARACTERS. Molecular characters selected for this analysis were those shown to resolve species-level phylogenetic relationships in other monocot groups or similar taxonomic levels (intra-familial) of analysis (Sang et al. 1997; Graham et al. 1998; Mason-Gamer et al. 1998; Emshwiller and Doyle 1999; Tank and Sang 2001; Kress et al. 2002; Lewis and Doyle 2002) . Characters were sampled from multiple genomes in order to enable the identification of any conflicting signal from potential hybridization events and to incorporate whole organismal history. Rapidly evolving intron and intergenic spacer regions were amplified from both chloroplast (trnL intron and trnL-F intergenic spacer [hereafter trnL-F], trnK intron including the matK gene and 5Јand 3Ј flanking intron regions [hereafter trnK]) and nuclear DNA (internal transcribed spacer [hereafter ITS] region of nuclear ribosomal DNA including ITS1, 5.8S and ITS2, and the 23 rd intron of RNA polymerase B, subunit 2 [hereafter RPB2] low-copy nuclear gene). Lack of polymorphisms in sequenced nuclear regions and comparisons with cloned fragments from exemplars was indicative of the presence of orthologous copies.
DNA Isolation and Manipulation. Total genomic DNA was extracted and PCR reactions and sequencing for ITS, trnL-F, and trnK were performed as detailed in Specht et al. (2001) . Protocols of Lewis and Doyle (2001) were followed for the PCR amplification of RPB2, which includes a two-step nested PCR. The published P10F and M11R primers were used for the first PCR, and PALM-INT23F and PALM-INT23R primers were used in the second PCR reaction with 1l of the first reaction serving as template (Roncal et al. 2005) . The internal primers were used for direct cycle sequencing resulting in complete forward and reverse sequence overlap. Standard cycle sequencing protocols were followed for BigDye (Applied Biosystems, Foster City, CA USA) terminator reactions cleaned using a modified alcohol precipitation procedure and visualized on an ABI 3700 automated sequencer with ABI PRISM software. Sequences were analyzed and edited using Sequence Navigator (Applied Biosystems) and GeneJockey (Taylor 1994) .
Preliminary sequence alignments were performed independently for each of three loci (trnL-F, trnK, ITS) using the CLUSTAL W (Thompson et al. 1994 ) algorithm as implemented with the ''Multiple Alignment'' option in GeneJockey with default fixed and floating gap penalties. Altering the default values did not significantly change the alignment except for regions with extreme length variation among taxa. Manual adjustments to the Clustal alignments were made following procedures outlined by Simmons (2004) following the criteria of Zurawksi and Clegg (1987) in which the number of insertion or deletion events are minimized while simultaneously minimizing substitution events. Alignment for the RPB2 region was uncomplicated and was performed manually using MacClade (Maddison and Maddison 2000) . Because of difficulties aligning ITS sequences, ITS was only analyzed for species of Costus. Within Costus, sequences were relatively conserved and easy to align. All molecular sequences are archived in GenBank with accession numbers listed in Appendix 2 and data matrices are available in TreeBASE (study accession S1398).
Phylogenetic Analyses. Parsimony analyses of individual data sets and the combined analysis were performed with all characters equally weighted and unordered. Parsimony-informative gap characters were scored for unambiguously aligned regions in trnL-F, trnK, and RPB2. Gaps were coded as binary characters using the simple indel coding method (Simmons and Ochoterena 2000) treating the gaps as unordered multi-state characters (DeSalle and Brower 1997; Danforth et al. 1999) . Gaps in ambiguously aligned regions that moved together in equally optimal alternative alignments were considered ''motifs'' and were scored as per Davis et al. (1998) . A total of 52 gap and motif characters were included (trnL-F, 13: trnK, 28: RPB2, 11: ITS, 0).
Analyses were conducted with PAUP*4.0b10 (Swofford 2003) ; heuristic searches were performed with 1,000 Tree-bisection-reconnection (TBR) branch swapping searches, starting trees were obtained from stepwise random addition replicates with one tree held at each step saving multiple trees for each replication (MulTrees). To test for global data incongruence, an ILD test (Farris et al. 1995) was implemented as the partition homogeneity test option in PAUP* with 1000 replicates for each of three process partitions: (1) chloroplast DNA (2) nuclear DNA and (3) morphology. Several pairwise tests were also performed, including (1) trnL-F vs. trnK to test for incongruence between chloroplast regions, (2) chloroplast vs. nuclear DNA regions, and (3) DNA vs. morphology.
To measure topological support, jackknife (jk) values were calculated in PAUP* 4.0b10 (Swofford 2003 ) from 2,000 replicates with ten TBR searches per replicate and a maxium of 100 trees held per TBR search. Deletion was set to 37% and the ''emulate Jac resampling'' option was selected (Farris et al. 1996) . Decay indices (Bremer 1988 (Bremer , 1992 were calculated for each node using Autodecay (Eriksson 2001) set to random addition sequence with 100 replications. Partitioned branch support (Baker and DeSalle 1997; Baker et al. 1998) and nodal data set influence index (Gatesy et al. 1999) were calculated using PAUP* v. 4.0b10 (Swofford 2003) in combination with constraint files as generated in TreeRot.v2 (Sorenson 1999) using three data partitions (p) for each node: chloroplast sequence data (p1: trnL-F and trnK), nuclear sequence data (p2: RPB2 ϩ ITS), and morphology (p3).
Maximum likelihood (ML) analysis of nucleotide characters from each of the loci and a combined analysis of all nucleotide characters were performed using the most parsimonious topology as the starting tree, with the GTRϩIϩ⌫ (ITS, RPB2, combined) and HKYϩIϩ⌫ (trnL-F, trnK) models as selected to have the best fit using ModelTest v. 3.6 (Posada and Crandall 1998) and the Akaike Information Criterion (Akaike 1974) to select among hierarchically nested models. All ML searches were run with 100 replicates and one TBR search per replicate. Missing data in the ITS and RPB2 data matrices (up to 35% missing when analyzed alone depending on inclusion of taxa) made runs containing these regions difficult to complete and the branch lengths highly speculative. In addition to morphological characters, parsimony-informative gap characters must also be excluded from ML analyses. As the likelihood analyses recover the three major clades found in the parsimony analysis but with less resolution within those clades, the results of the ML analyses are not presented here.
Reconstruction of Character Evolution. Morphological characters used in the phylogenetic analysis and biogeography were reconstructed on the obtained phylogeny using the parsimony criterion as executed in MacClade v. 4.06 (Maddison and Maddison 2000) using the ''Trace all States'' option and generating all most parsimonious reconstructions (MPRs) for each node and each character (equivocal cycling selected). Characters were polarized based on outgroup rooting using the sister taxon Siphonochilus. Correlations in character evolution were tested with the concentratedchanges test (Maddison and Maddison 2000) using the Character correlation tool in MacClade v. 4.06 as calculated by simulation of MINSTATE-reconstructed character changes with a total sample size of 1000.
RESULTS
The combined matrix contained 5898 characters (5827 molecular, 71 morphological) for 67 taxa with a total of 1153 parsimony-informative characters and 21% missing data resulting from the presence of gap characters (8%), the presence of inapplicable morphological characters (2%), or inability to acquire PCR products for certain gene/taxon combinations (11%). Removal of morphological characters coded as inapplicable did not alter the topology, although jackknife support for basal clades was increased by 5-9% (data not shown). A total of 53 indels were scored as presence/absence characters in the molecular matrix. When analyzed independently, each of the gene regions (trnL-F, trnK, ITS, RPB2) and morphology alone provided little resolution at the tips but supported three major basal clades plus the monophyly of Dimerocostus ϩ Monocostus and Tapeinochilos. Congruence of the three data partitions (chloroplast, nuclear, morphology) could not be rejected by the ILD test (p ϭ 0.1) nor was incongruence detected among nuclear (ITS vs. RPB2; p ϭ 0.15) or among chloroplast (trnK vs. trnL-F; p ϭ 0.08) regions, indicating that phylogenetic signal from the various partitions could not be considered in conflict (but see Dolphin et al. 2000) . The lack of well-supported resolution for each partition analyzed alone likely contributed to the lack of conflict observed in the results of the ILD test. The combined analysis is considered to be the most accurate representation of phylogenetic signal based on lack of apparent data conflict and the inherent benefits of the total evidence approach (Kluge 1989; Bruneau et al. 1995; Nixon and Carpenter 1996; Graham et al. 1998) . Taxonomic Groupings and Support. Of the four genera, three (Tapeinochilos, Monocostus and Dimerocostus) were found to represent distinct monophyletic groups. Costus was found to be paraphyletic, with species occurring in the three major clades supported by this analysis ( (3) sister to Dimerocostus ϩ Monocostus forming the ''Chamaecostus clade.'' Formal taxonomic treatments of these clades are provided by Specht and Stevenson (in press ).
Within Costus, most of the previously circumscribed subgenera did not form monophyletic assemblages. Costus spectabilis, the type species for subgenus Cadalvena, forms the first branch within the Costus clade while the remaining members of the subgenus formed a single lineage (the Chamaecostus clade) within the larger South American clade (Fig. 2) , thus rendering the subgenus polyphyletic. Subgenus Epicostus also was not monophyletic. One member of this subgenus, C. letestui, was placed in the Epiphytic clade ( Fig. 1 ) sister to C. lateriflorus of subg. Metacostus, while the remaining species of subg. Epicostus, C. mosaicus and C. phaeotrichus, were placed with two other species of subg. Metacostus in the C. gabonensis clade (Fig. 1) . The large subgenus Costus (ϵEucostus, Schumann 1904) was divided between the Costus clade (African melittophilous and New World radiation taxa) and the Cheilocostus clade (Costus speciosus, C. globosus, C. lacerus) , rendering this subgenus polyphyletic as well. Only subg. Paracostus was recovered as monophyletic, containing both C. englerianus and C. paradoxus as suggested by Schumann (1904) .
THE COSTUS CLADE. Only one of the three main clades recovered was composed exclusively of species previously placed in Costus. This large Costus clade can be divided into a basal African Costus grade followed by a clade of African bee-pollinated taxa (African melittophilous clade; Fig. 2 ) sister to a large clade of exclusively New World taxa (New World Costus radiation; Fig. 2) .
Within the basal grade of African taxa, several small clades were recognized, most notably an epiphytic clade and the Costus gabonensis clade (Fig. 2) . The epiphytic clade, containing C. lateriflorus, C. talbotii, and C. letestui, was a well supported (jk ϭ 100, d ϭ 10.6) clade comprising the three known epiphytic species of Costaceae, all from tropical west Africa. This relationship is recovered in all independent analyses (except RPB2, where data are missing for two of the species) and is supported by morphological characters including the axillary (lateral) position of the inflorescences [06], the complete lack of indumentum, and a papery or scarious ligule [22] . These species all have thin, dry stems in contrast with the typically succulent stems of Costaceae. The C. gabonensis clade was only weakly supported (jk ϭ 62) with molecular partitions giving negative decay indices. The clade was supported by the morphology data partition (p3 ϭ 4.6), but no single character for those species sampled formed a synapomorphy for this clade. Within the clade, the C. mosaicus ϩ C. phaeotrichus and the C. gabonensis ϩ C. fissiligulatus sister relationships were both strongly supported by the chloroplast data while nuclear gene region and morphological data sets are in conflict with this arrangement. While C. fissiligulatus was placed by Schumann in subg. Eucostus, the other members of this clade were not treated in his classification. Based on the morphological characteristics defining subgenera (Schumann 1904) , they would have been placed in subg. Epicostus (C. mosaicus and C. phaeotrichus) and subg. Eucostus (C. gabonensis). These four African taxa form a morphological transition from the small-statured, open-labellum Costus species formerly placed by Schumann into subgenera Epicostus and Metacostus to the large-statured, tubular-labellum species of the African melittophilous clade (Fig. 2 ), which were placed by Schumann in subg. Eucostus. While floral structure in the C. gabonensis clade is not fully modified for beespecific pollination as in the melittophilous clade, the flowers are more tubular and physically stronger than those of taxa occupying more basal positions in the Costus clade (i.e., the epiphytic clade and C. spectabilis). The African melittophilous clade (Fig. 2 ) was reasonably well supported (jk ϭ 83) despite conflict between the three partitioned datasets. Relationships within this clade were also well supported (data not shown). This clade is supported as sister to the New World Costus clade (jk ϭ 64, d ϭ 5). The monophyly of New World Costus clade itself had strong support (jk ϭ 100, d ϭ 11).
THE ASIAN COSTACEAE CLADE. An Asian Costaceae clade was recovered comprising all Costaceae species found in Southeast Asia, India, and Melanesia including several species of Costus as well as the entire genus Tapeinochilos. Costus englerianus and C. paradoxus were recovered as sister species (jk ϭ 78, d ϭ 4). These two species, placed by Schumann (1904) subg. Paracostus, were sister to the remaining Asian Costaceae (jk ϭ 67, d ϭ 3).
Sister to the Paracostus clade was a well-supported clade comprised of the Cheilocostus clade ϩ Tapeinochilos (jk ϭ 94, d ϭ 12.8), which was supported by six indel synapomorphies. The Cheilocostus clade was only weakly supported overall and collapsed with Tapeinochilos in 50% of the most parsimonious trees. Morphological support for their separation as sister lineages was strong, but ITS showed little differentiation between the Cheilocostus clade and Tapeinochilos, indicating recent and potentially incomplete molecular divergence. Within the Cheilocostus clade, Costus globosus was found to form a well-supported clade (jk ϭ 100, d ϭ 17) with two undescribed taxa from Sabah (J. Mood 1713, 1714; Mood and Specht, ms in prep). This clade was strongly supported by all three data partitions, indicating that the two undescribed species are [Volume 31 SYSTEMATIC BOTANY likely to be morphological variants within the C. globosus complex. A second clade (jk ϭ 98) comprised C. lacerus as sister to a clade formed by the three exemplars of C. speciosus. Maas's (1979) hypothesis that C. lacerus is closely related to, but distinct from, C. speciosus is thus supported. Finally, Tapeinochilos was recovered as monophyletic (jk ϭ 100, d ϭ 11) with support from both morphology and chloroplast data.
THE SOUTH AMERICAN CLADE. The first branching clade within Costaceae recovered in the combined analysis was the South American clade (Fig. 2) , which is comprised of two main lineages: a single clade of New World taxa formerly placed by Schumann in Costus subg. Cadalvena (i.e., the ''Chamaecostus clade''; Figs. 1, 2) , and a clade containing Dimerocostus and Monocostus as sister genera. The South American clade had strong support from both chloroplast and morphology data partitions (jk ϭ 97, d ϭ 15). Constraining the topology to not include this group as a clade resulted in a most parsimonious tree of a length (L ϭ 3802), an additional 66 steps longer than with the clade. Within the South American clade, the sister relationship of Monocostus and Dimerocostus was well supported (jk ϭ 100, d ϭ 22), largely from chloroplast data. Dimerocostus was recovered as monophyletic (jk ϭ 100), and the two currently recognized species, D. strobilaceus (2 subspecies included) and D. argenteus, were recovered as two unique lineages. The four-taxon Chamaecostus clade was well supported (jk ϭ 100, d ϭ 10). Within the Chamaecostus clade, resolution among the four exemplar species was limited; however, the molecular data (both cpDNA and nuclear) alone indicate a robust sister relationship between C. lanceolatus and C. curcumoides and between C. subsessilis and C. cuspidatus. The morphological data set used in this analysis does not provide any resolution among these four closely related species, resulting in the collapse of the relationships in the combined analysis.
DISCUSSION
The present results agree with prior findings (Specht et al. 2001 ) that the genera, subgenera, and sections previously recognized in the family do not adequately reflect the phylogeny of Costaceae. Revised taxonomic groupings will be formally proposed to include the new genera Cheilocostus, Chamaecostus, and Paracostus. The discussion here is focused on the results of the phylogenetic analyses with respect to support, character evolution, the evolution of suites of characters associated with specific pollination syndromes, and biogeographic patterns.
Support. The lack of strong support at the base of the Costaceae tree is largely due to conflict among the rapidly evolving DNA regions selected to provide resolution at the tips of the branches within each of the three major clades (Hillis 1987) . Certain regions of ITS and the trnK (outside matK region) sequences proved difficult to align among the three major clades. If these regions of the alignment are removed from the combined analysis (data not shown), the three basal clades are recovered as in the presented topology but with stronger support (jk Ͼ 91). However, resolution within each clade collapses, indicating that the more rapidly evolving regions, while potentially causing conflict at the base, provide strong phylogenetic signal at the tips.
As one of the three major clades, the Costus clade has only moderate support (jk ϭ 66) considering that 63% jackknife support is expected as the frequency for a clade supported by a single un-contradicted synapomorphy (Farris et al. 1996) . The combined decay index for the node is 2.1, with chloroplast (p1 ϭ 3.8) and nuclear (p2 ϭ 0.1) indices showing weak but positive support for monophyly of the large Costus clade. The low jackknife support is mostly likely due to conflict in signal regarding Costus englerianus; morphology alone places it basal to the African Costus due to an overall floral and vegetative morphology that is similar to that of the species found in the basal Costus clade. The combined molecular data support its affinity to C. paradoxus and the Asian Costaceae. The conflicting morphological signal reduces support for the Costus lineage with C. englerianus placed in the Asian clade. If C. englerianus and C. paradoxus are removed from the analysis, the jackknife value for the Costus clade increases to 75%. Excluding the morphology data but including the Paracostus taxa, the Costus clade is recovered with jackknife support of 82%. By investigating the source of the conflict, it becomes clear that the weak support value is not due to poor phylogenetic signal at the base of the tree but rather due to conflicting signal that results from the combination of data sources. Using partitioned support to tease apart these issues enables better understanding of the confidence in these basal nodes.
The placement of the South American clade sister to all remaining Costaceae has slightly higher support (jk ϭ 70 for Costus clade ϩ Asian Costaceae sister relationship exclusive of South American clade). Morphology and chloroplast data alone each place the Chamaecostus clade plus Monocostus and Dimerocostus as the first diverging lineage of Costaceae. When the ITS sequence data alone are removed from the analysis, keeping the RPB2 nuclear sequence data as well and chloroplast sequence data and morphology, jackknife support for the node maintaining the South American clade as sister to the remaining Costaceae increases from 70% to 89%. In addition, the Asian Costaceae clade (including the C. globosus complex, the C. speciosus complex, and Tapeinochilos) is recovered with a jackknife value of 100% (an increase from 94% with ITS included) and the sister relationship between the African melittophilous taxa and the New World Costus radiation has greater support (78% jackknife as opposed to 64% in the total combined analysis). The loss of support for the basal clades with ITS included is most likely due to multiple hits leading to undetected homoplasy for the older lineages in this rapidly evolving gene region. However, complete removal of ITS from the combined analysis results in an overall lack of resolution in the New World Costus radiation clade and loss of the Cheilocostus clade.
In addition to ITS, the RPB2 gene region used in this analysis is also rapidly evolving (Lewis and Doyle 2002) . For this reason, RPB2 was removed from the analysis along with ITS to test for potential hidden corroboration among data sets (Gatesy et al. 1999 ). The resulting topology of the ''no nuclear gene'' data set is similar to that of the total combined analysis with few exceptions, notably that the Cheilocostus clade is recovered in the strict consensus and is supported with a jackknife value of 85% (an increase from 50% in the combined analysis). In addition, C. paradoxus and C. englerianus together are recovered as a clade, whereas in the ITS-missing data set both species form part of a polytomy with the Asian Costaceae and the Costus clade.
Overall, the removal of gene regions that are in conflict with the total combined analysis at the deeper nodes of the tree leads to increased support values for those nodes, but results in decreased resolution at the tips. In the case of Costaceae, the phylogenetic signal is sufficiently robust so as to overcome the homoplasious signal of the rapidly evolving ITS at the basal nodes, recovering the same topology as found when the homoplasious data are removed, albeit with lowered support. The addition of the nuclear data has the benefit of providing greater resolution in the more distal clades where rapidly evolving gene regions are required to uncover recent historical speciation events.
Character Evolution. Many morphological characters utilized in this analysis were valuable in supporting the monophyly of lineages within Costaceae, despite the presence of homoplasy (ensemble CI for morphology ϭ 0.67, RI ϭ 0.62). In general, character states found to be plesiomorphic within the family are lost multiple times in multiple lineages ( Fig. 4; Fig. 3 . The overall direction in floral form evolution with regard to pollination syndrome is one that moves from the generalist ''open floral form'' to more specialized forms involved in attracting specific bird (ornithophilous) or bee (melittophilous) pollinators. The open form (Fig. 3) is ancestral within the Costaceae while the melittophilous and ornithophilous forms are derived several times independently ( Fig. 2; thin lines ϭ open floral form). This same pattern is found in the Zingiberaceae, where Siphonochilus and Tamijia both have an open floral form similar to that found in early diverging Costaceae with pollinationspecific forms occurring throughout the more derived lineages. This suggests that the common ancestor of the Costaceae and Zingiberaceae lineage also had the open floral form and was probably also a pollination generalist. In both families, it is possible that association with pollinators has driven species-level diversification with higher rates of speciation in lineages comprised of taxa with pollination-specific floral forms (Specht 2005) .
While Maas (1979) used pollination syndromes to divide the New World Costus into two taxonomic sections, the results presented here indicate that bird pollination evolved multiple times within the New World Costus lineage. If the topology is constrained such that all neotropical ornithophilous species are placed in a single clade, eight trees are resolved that are 12 steps longer (L ϭ 3748). The first of these trees was compared with the first of the 12 equally most parsimonious unconstrained trees using the Wilcoxon signedrank test (Templeton 1983) , and the result was significant (p ϭ 0.05) indicating marginal but significant support for multiple origins of the bird pollination syndrome in the neotropical clade. The melittophilous It is noteworthy that the most species rich clades in the family (Tapeinochilos and the New World Costus clade) include taxa that are adapted to pollination by birds. Of these two, the New World Costus clade, which has evolved the bird pollination syndrome multiple times, has 33% more taxa than Tapeinochilos, indicating a potential benefit to the alternation of pollination syndromes for increased speciation rates.
A potential association between bird pollination and increased speciation rates is also apparent in Heliconia (Heliconiaceae), a group of approximately 180 birdpollinated species. Speciation within Heliconia has been extremely rapid, occurring exclusively within the past 10 million years (Kress and Specht 2006) , while other zingiberalean families that do not have an exclusive bird pollination syndrome have speciated at a much slower rate. With Heliconia, however, there are no beepollinated taxa for inter-familial comparison of speciation within clades. It is possible that an evolutionary toggle between hummingbird and bee pollination helps to drive the rapid diversification rates within the New World Costus (Specht 2005) .
EVOLUTION OF VEGETATIVE CHARACTERS. Vegetative characters (including bract and inflorescence position characters) comprise 63% (45 of 71 characters) of the morphological data matrix. The emphasis on vegetative characters is part of an effort to expand character sampling to areas not formerly utilized in defining taxonomic groups, and to determine if some of the characters used for identification of species (e.g., indument, ligule, bract shape and color) would prove useful for definition of clades.
There are several trends in the evolution of plant structure and stature that are notable in a phylogenetic context. Vegetative branching [character 2] is listed as a character typical of Tapeinochilos (Schumann 1899; Gideon 1996) , but is also known to occur in the Asian taxa Costus globosus, C. speciosus, and C. lacerus. The close relationship of these taxa to one another (i.e., the Cheilocostus clade) and to Tapeinochilos thus unifies the vegetative branching habit into a synapomorphy for the Cheilocostus clade ϩ Tapeinochilos relationship. Branching is also found in the African epiphytic clade (C. talbotii, C. letestui, and C. lateriflorus). However, in these species the inflorescences are axillary while in Tapeinochilos and the Cheilocostus clade the inflorescences are terminal and branching only occurs in the vegetative portion of the shoot. Based on their distinct phylogenetic positions, the vegetative branching found in Tapeinochilos ϩ Cheilocostus may have a different developmental pathway from the axillary branching found in the African epiphytic clade.
In general, indument characters tend to be homoplasious. This is not surprising, considering the plasticity of the indument even within certain species (e.g., Costus guanaiensis). Nonetheless, certain aspects of the indument do help to define some groups. For example, long hairs on the lamina and sheath are found only in the New World Costus radiation. Stiff hairs are also unique to the New World Costus radiation but texture is independent of hair length. In combination, these two epidermal hair characteristics provide the villose, hirsute, and strigose induments [chars. 13, 24-26] characteristic of neotropical Costus (Maas 1972 (Maas , 1977 .
Multicellular hairs [21] appear to be gained once within the family in the common ancestor of the Asian clade and the Costus clade after diverging from the South American clade (Chamaecostus clade plus Monocostus and Dimerocostus; Fig. 4 ). The Zingiberaceae outgroup (Siphonochilus) shares with the South American clade the presence of unicellular hairs. The only contradiction to the single evolutionary acquisition of multicellular hairs is the observation of some multicellular hairs in Dimerocostus, found on leaf surfaces and ligules. This could possibly be a unique and recent gain of multicellular hairs in Dimerocostus.
The number of cell layers in the adaxial leaf hypodermis [20] appears to be a phylogenetically informative character, with more than one cell layer being present in all New World Costaceae including the Chamaecostus clade, Monocostus, Dimerocostus, and the New World Costus (Fig. 4) . This character occurs in both clades of the polyphyletic neotropical Costaceae, [Volume 31 SYSTEMATIC BOTANY indicating that multiple cell layers may have evolved twice, both times in the New World. The outgroup, Siphonochilus, does not have an adaxial leaf hypodermis and thus cannot be used to polarize this character transformation. Parsimony reconstruction of the character on the tree using both ACCTRAN and DEL-TRAN indicates that the ancestral state is equivocal, but regardless requires two independent gains of a multicellular hypodermis in the leaves of neotropical Costaceae, with the evolution of the hypodermal layer occurring at the time of divergence from Zingiberaceae (Fig. 4; [20:1] ). Maas (1972 Maas ( , 1977 noted the importance of bracteoles in defining groups of neotropical Costus. As detailed in his Figure 4 (Maas 1972 ), Maas noted two major bracteole types in the neotropical taxa that were useful for species determination; one tubular and bicarinate, as found in Monocostus, Dimerocostus, and Costus subgenus Cadalvena (i.e., the Chamaecostus clade) (his Fig. 4, a-d) , the other folded upon itself and boatshaped, represented in the drawing by New World Costus subgenus Costus species C. stenophyllus, C. lima, and C. scaber (his Fig. 4, e-g ). Based on additional species used in this analysis, the folded bracteoles of these three species were found to be representative of the bracteoles found in all New World Costus. In the current study, the form of the bracteoles [43] indeed provided a synapomorphy within the family (Fig. 4) . The tubular-bicarinate form was found in the South American clade as had been noted by Maas (1977) , the Asian Costaceae (including Tapeinochilos), and in the first three basal lineages of African Costus (C. spectabilis, epiphytic clade, C. gabonensis clade). The folded form was found exclusively in the derived Costus lineages (the C. maculatus clade, the African melittophilous clade, and the New World Costus). Thus, the tubular bracteole form appears to be basal in Costaceae, with the folded form evolving only once within the Costus clade. No reversals back to the tubular form were found.
OVARY STRUCTURE. The ovary structure of Costaceae provides many characters that are useful for determining the phylogenetic structure of the family [28-36; ensemble consistency index ϭ 0.94]. One such character, the number of locules per ovary [28] , is either two or three in Costaceae. This character was long considered to have importance for discerning evolutionary relationships among taxa within the family. Dimerocostus, Monocostus, and Tapeinochilos have two locules per ovary, while all Costus taxa (as previously circumscribed, including all five subgenera) have three locules per ovary. Maas (1972) noted this as a potential evolutionary trend from two to three locules, supporting a phylogenetic hypothesis that placed Monocostus at the base of the family. However, all members of the sister family Zingiberaceae have trilocular ovaries, suggesting that the 2-locule condition may be derived within Costaceae.
Based on these phylogenetic results, the number of locules per ovary is homoplasious (Fig. 4) . Optimization polarized with the outgroup (Siphonochilus ϭ trilocular) indicates two separate events in the evolution of Costaceae in which the number of locules is reduced from three to two; once in the Dimerocostus ϩ Monocostus lineage and once in Tapeinochilos. The bilocular ovary is thus proposed to be a result of two separate reductions in locule number and does not represent a plesiomorphic state as hypothesized (Maas 1972) . This reduction in locule number has been evidenced by developmental studies (Kirchoff 1988) that show what appears to be the abortion or reduced development of one locule in bilocular taxa. It was not determined if the developmental series resulting in the bilocular ovary was different in Tapeinochilos as compared to Monocostus and Dimerocostus. Insight into potential developmental differences may be gained by further examination of the cross sectional shape of the sublocular region in a phylogenetic context. Monocostus and Dimerocostus both have circular ovaries while Tapeinochilos has an oval ovary that is slightly two-winged . The difference in ovary shape between the two independent lineages containing bilocular ovaries (Tapeinochilos and Monocostus ϩ Dimerocostus) combined with the phylogenetic separation of these two lineages provides evidence that the bilocular ovary is likely to have evolved by different developmental methods.
The longitudinal extent of the ovules [30], a character detailed by Newman and Kirchoff (1992) also proves interesting in a phylogenetic context. Only in the African melittophilous and New World Costus clades does ovule attachment extend above the insertion of the stylar canal in the ovary. This may represent a removal of constraints in the extension of ovule attachment to the locule wall with the change in floral morphology from the open form to the melittophilous and subsequent ornithophilous forms. Tapeinochilos has not acquired this extension of ovule coverage despite its acquisition of an ornithophilous floral form. This difference in ovule placement within the ovary provides corroboration of the developmental difference of ornithophily in the floral forms of the phylogenetically separated Tapeinochilos and New World Costus lineages.
STIGMA FORM. The shape of the stigmatic surface of Costaceae has been detailed in many drawings of the family (Maas 1972 (Maas , 1979 Gideon 1996) , and differences in shape and structure have been noted in descriptions of new species, however stigma characters have not formerly been utilized for the identification of larger taxonomic groups. There are two aspects of stigma morphology included in this phylogenetic analysis based on a priori notions of independent character Scoring for cladistic analysis as follows: (A) bifid appendage ϭ present, shape ϭ bilamellate, dorsal thickening ϭ absent, (B) bifid appendage ϭ absent, shape ϭ bilamellate, thickening ϭ absent, (C), bifid appendage ϭ absent, shape ϭ cup, thickening ϭ present; (D) bifid appendage ϭ absent, shape ϭ bilamellate, thickening ϭ absent; (E) bifid appendage ϭ present, shape ϭ bilamellate, thickening ϭ absent; (F) bifid appendage ϭ present, shape ϭ bilamellate, thickening ϭ absent; (G) bifid appendage ϭ present, shape ϭ bilamellate; thickening ϭ present; (H) bifid appendage ϭ absent, shape ϭ cup, dorsal thickening ϭ present.
[Volume 31 SYSTEMATIC BOTANY sorting; [38] presence or absence and shape of a dorsal appendage (Fig. 5A , E-G for ''present''), and [39] shape of the stigmatic surface as cup-shaped (Fig. 5C , H) or bilamellate (Fig. 5A, B, D-G) .
The dorsal appendage may be either rounded or bifid (see Fig. 5H ) and was coded as a multistate character (absent, rounded, or bifid). The absence of any appendage is found in the outgroup as well as is part of the Chamaecostus clade indicating that a lack of stigmatic appendage may be the ancestral condition; however, when reconstructed in the most parsimonious manner using an accelerated transformation scheme, the presence of a rounded dorsal appendage is found to be ancestral (Fig. 4; [38:1] ). The presence of a rounded dorsal appendage is by far the most homoplasious of the stigma characters. A rounded dorsal appendage is found in the Monocostus ϩ Dimerocostus clade and in Costus. Costus lucanusianus has a rounded dorsal appendage, as do C. mosaicus, C. gabonensis, and C. fissiligulatus of the African C. gabonensis clade. A rounded appendage is found in part of the South American clade and thus could have been ancestral, but the lack of appendage seems to be more likely based on outgroup polarization (optimization not shown). Further investigations into the structure and development of the dorsal section of the stigma will undoubtedly yield a better understanding of the evolution of stigma shape and provide more consistent and/or informative characters for phylogenetic analysis.
The bifid appendage [38:2] is found in the Cheilocostus clade ( Fig. 4; Fig. 5G ), the Paracostus clade (Figs.  4, 5F ), and the Costus clade containing the African melittophilous clade plus the New World Costus (Figs. 4,  5A , E). This character has thus either evolved twice (with a loss in Tapeinochilos) or three times independently from an ancestor that likely did not have an appendage on the dorsal surface of the stigma. The structure of the bifid appendage is quite different in the South East Asian lineage (Fig. 5G) versus the Costus lineage (Fig. 5A, E) , with those of Costus paradoxus and C. englerianus (Fig. 5F ) most closely resembling the rounded lobes found in the closely related Cheilocostus clade. The similarity of structure between the Paracostus and Cheilocostus clades supports a single origin of this lobed bifid appendage in the Asian taxa with subsequent loss in Tapeinochilos (Fig. 4) .
The shape of the stigmatic surface was noted by Maas (1972) to differ within Costaceae, especially between Monocostus, Dimerocostus, neotropical Costus subgenus Cadalvena (here represented in the Chamaecostus clade), and neotropical Costus subgenus Costus (here the New World Costus clade). Gideon (1996) detailed the stigmatic structure of Tapeinochilos, noting the difference in shape from those recorded previously by Maas. In the current analysis, stigma shape was coded as either cup-shaped or bilamellate [character 39] based on Maas's interpretation of the surface. Cupshaped stigmas were found in Monocostus, Dimerocostus, and Chamaecostus clade only (Fig. 4) , providing a synapomorphy for this most basal clade within Costaceae. Tapeinochilos has a bilamellate stigma, similar in structure to that found in the remaining Asian Costaceae. Parsimony reconstruction of the cup-shaped stigma indicates that either the ancestral Costaceae had a cup-shaped stigma and that the bilamellate form evolved secondarily (DELTRAN), or that the ancestral form was bilamellate with an acquisition of the cupshaped form in the South American clade after it diverged from the remaining Costaceae but before further diversification of the lineage (ACCTRAN; Fig. 4) .
Taxonomic Considerations and Biogeography. Based on the results of the combined phylogenetic analysis, a new generic classification for Costaceae is proposed by Specht and Stevenson (in press ). Tapeinochilos, Monocostus, and Dimerocostus are monophyletic and can continue to be recognized at the generic level. The genus Costus is found to be paraphyletic as formerly circumscribed but can be divided into four distinct clades; the Cheilocostus clade, the Chamaecostus clade, the Paracostus clade, and the Costus clade. Each of these clades will be recognized at the generic level. Costus remains the largest genus with approximately 90 species in the tropics of both Africa and America. Cheilocostus will comprise five species sister to Tapeinochilos and found exclusively in Southeast Asia. Chamaecostus, sister to Monocostus and Dimerocostus, is found only in South America and will comprise a total of eight species, four of which were included in the analysis presented here. This clade is mostly composed of species formerly placed in Costus subgenus Cadalvena, but the type species for the subgenus (Costus spectabilis) grouped within Costus so the subgeneric name cannot be applied to this clade. Paracostus will contain only two species, one from Africa (C. englerianus) and one from Borneo (C. paradoxus). Inclusion of additional samples recently collected from Borneo (A. Poulsen) will aid in the understanding of evolution and diversification within the Paracostus clade and its relationship to the larger Asian clade containing Cheilocostus ϩ Tapeinochilos. The use of morphological characters in the combined phylogenetic analysis provides the means for defining synapomorphies for these clades. 
